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EFFECT OF ELECTROPHYSICAL IMPACT
ON THE PHYSICAL AND CHEMICAL CHARACTERISTICS
OF COAL ASH FROM THE MAIKUBEN DEPOSIT

Abstract. The paper studies the effect of electrophysical treatment of ash from coal of Maikuben deposit on its
physical and chemical characteristics. The processing of coal ash was carried out on an electromagnetic apparatus
(for fine grinding of ash particles) and on a high-voltage electric discharge installation (to change the properties of
ash). The physical and chemical characteristics of coal ash were studied by multi-element instrumental neutron
activation analysis (elemental analysis on the content of microelements), energy dispersive X-ray spectroscopy on a
scanning raster electron microscope with an attachment for energy dispersive analysis (for studying the structure and
size of ash and analyzing the content of macroelements), laser diffraction (for analyzing the volume distribution of
ash particles size), Brunauer-Emmett-Teller (BET) (for determining the specific surface area and pore volume). It
was established that after the electromagnetic treatment of coal ash, the surface of the samples acquires a more
developed and porous structure and the particle sizes significantly decrease. This is especially observed for the
average volumetric distribution of Dv (50) (50% of particles of their total number), where the interval of change of
particles is 129-7 micrometers. As a result of the electric discharge treatment of coal ash, additional mineral complex
compounds are formed with the content of some rare metals Ga, Ge, Li. It was revealed that the electric discharge
treatment of ash, like the electromagnetic treatment, leads to a decrease in the size of the particles of the original ash,
but not so significantly (up to 1.3 times).

Key words: coal, ash, electromagnetic treatment, electric discharge treatment, chemical composition, physical
and chemical characteristics.

Introduction. Ash and slag waste (ASW) of coal-fired thermal power plants can be considered as
technogenic deposits of mineral substances suitable for cost-effective industrial use.

ASW are products of high-temperature (1200-1700°C) processing of the mineral part of the fuel [1].
The main ash-forming macronutrients in ASW (Si, Al, Fe, O, Ca, Ti, Mg, S, K, Na) make up 98-99%.
Particularly all other elements (trace elements) are contained in the ash in a concentration of 0.1% or less.
During the combustion of coal, part of the trace elements (Sr, Ba, Sc, Y, La, Ti, Zr, etc.) is concentrated in
the slag. Other elements (Ga, In, TI, Ge, Sn, Pb, etc.) at temperatures above 1000°C volatilize from the
zone of high temperatures and settle in electrostatic precipitators and cyclones (at 110-120 °C) [1].
Moreover, the chemical properties of the ash and slag waste system vary greatly depending on the type of
coal, combustion temperature, combustion technology, air / fuel ratio, and coal particle size [2].

All elements of ASW can be part of both the mineral part of the coal (i.e. form minerals) and in the
form of compounds with the organic matter of the coal, forming the so-called organic-mineral
components, which are the least studied forms. These include: salts of humic acids (K, Na, Ca, Mg, etc.),
complex humates, characterized by a cyclic system of bonds, as well as organic compounds (i.c., C-E
bond, where E is S, Si etc.) [3].

A significant accumulation of ash and slag waste due to coal combustion (in CHP, boiler houses) in
ash dumps causes special attention to the study of the physical and chemical characteristics of coal ash.
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For example, in [3-8], coal ash was studied using elemental, electron microscopic, X-ray phase analysis,
and particle size analysis. These studies have shown that the ash contains mainly silicon dioxide,
aluminum oxide and iron oxide and is a fine amorphous material consisting of particles with a size of 5-
100 microns. Fly ash consists of glassy, hollow spherical particles, which are cenospheres (thin-walled
hollow spheres). The mineralogical composition of ash is represented mainly by inorganic elements in the
form of quartz, kaolinite group minerals, mullite, magnetite, siderite, hematite. The modulus of ash
basicity is basically MO < 1, therefore, this ash is classified as acidic, which results in the absence of
binding properties of these materials. Studies of the sorption properties of coal ash showed that the
specific surface area of ash (measured by the BET method) can vary from 1.1 to 15.6 m*/g, depending on
the phase content and porosity [9-13]; while the total pore volume can vary from 0.004 to 0.022 cm’/g
[10,12].

The specific properties of ash and slag waste are used in the production of building materials (as
additives in concrete, cement, bricks, etc.) [1,14,15], in the preparation of aluminosilicate and magnetic
microspheres [1], silica [ 16] and alumina [17,18], in the extraction of rare metals [19-24].

The purpose of this work is to study the effect of electrophysical effects on the physicochemical
characteristics of the ash of Maikuben coal. Experiments were performed in LLP "Institute of Coal
Chemistry and Technology" (Astana).

As objects of research, ash was used in its original form, ash after processing on an electromagnetic
device (hereinafter EM treatment) and ash after clectric discharge treatment (hereinafter ED treatment)
(except for samples for analyzing the size of coal ash particles, where the processing was carried out
separately from friend to determine the impact of each influence). EM treatment of coal ash was carried
out for its fine grinding, the ED treatment of ash to weaken and/or break chemical bonds in an aqueous
solution of ash.

Research methodology. The preparation of ash samples was carried out in 3 stages. At the 1st stage,
the ash was pre-crushed and an average sample (by chemical and particle size distribution) was prepared
from the combined sample kBapT by the quartering method. At the 2nd and 3rd stages, the EM processing
and then the ED treatment were carried out, respectively.

EM processing of ash samples was carried out on an electromagnetic apparatus EMA-1 (figure 1),
which consists of an inductor, a working chamber and a tripod. Electric parameters of EMA-1: rated
current - 8 Amps; nominal electromagnetic field strength in the center of the inductor (at 220 V) — 40-45
kA/m; active power — 0.15-0.2 kW, the power and capacity of capacitors to compensate for coso is 400
microfarads.
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Figure 1 — Grinding of ash in EMA-1 in the periodic mode: 1 — inductor; 2 — working chamber;
3 — magnetic granules; 4 — crushed material; 5 — tripod

The treatment was carried out as follows:

— coal ash (100 grams) was mixed with magnetic granules (2-3 mm in diameter) (the ratio of the mass
of the ground material to the mass of magnetic granules 1:10; magnetic granules occupied 70-80% by
volume of the working chamber);

— a glass beaker was placed in the working chamber (about 1 1), in which an elastic material (rubber-
fabric was preliminarily inserted inside) to prevent sticking of the crushed ash to the walls and the
formation of cracks on the walls of the glass from the impact of magnetic granules);
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— the resulting mixture of ash with magnetic granules was unloaded in the working chamber and
closed (to prevent the ash from entering the atmosphere);

— the working chamber was installed inside the inductor (in the middle);

— electromagnetic processing in EMA-1 was performed 3 times for 8 minutes;

At the same time, during processing in the chamber thorough mixing and grinding of ash occurred
due to the strong rotating and colliding actions of the magnetic granules, which is caused by the induction
of the vortex electric field due to the action of the alternating electromagnetic field from the inductor.

Visually, it was found that the size of the ash particles after electromagnetic treatment decreased
significantly compared with the particles of the original ash.

ED treatment of coal ash by high-voltage pulsed discharge was carried out in a laboratory electric
discharge installation (figure 2), consisting of the following components: power regulator, capacitor bank,
step-up transformer (from 220 V to 30 kV), reactor (200 ml capacity for coal water solution ash with
2 electrodes).

Capacitor discharge
button

Power control

Adjustible contacts of
discharge feed

Grounding

Electrodes

Figure 2 — Schematic diagram of the electric discharge installation

Experiments were performed as follows. The necessary technical parameters were pre-installed and
adjusted (voltage 30 kV, the number of discharge into the reactor 5 times in 1 second, the distance
between the upper electrode and the surface of the solution was 3-5 mm). The prepared ash weighing 40 g
and 80 ml of water were thoroughly mixed and the resulting solution was poured into the reactor. The
installation was turned on through a special remote control and arc-processed for 3 minutes. Next, the
resulting solution was dried to a dry state (for the subsequent measurement of the electrophysical cha-
racteristics of coal ash).

Elemental analysis of the content of microelements in the Maikubensky coal was performed using
multi-element instrumental neutron activation analysis on a multichannel amplitude pulse analyzer
(KANBERRA) with a detector of pure germanium mark GX-3018 with a resolution of 1.8 keV using the
Co60 line of 1333 keV and recording efficiency 30 %

The study of the elemental composition, structure and dimension of coal ash was carried out using
energy dispersive X-ray spectroscopy on a scanning electron scanning microscope SEM (Quanta 3D 2001)
with an attachment for energy dispersive analysis (EDAX). The samples were attached to a copper holder
with conductive adhesive paper. Previously, a thin conducting layer of carbon was deposited on the
surface of the samples in a special vacuum unit for better passage of charges. The energy of the exciting
electron beam in the analysis was 15 keV, the working distance was 15 mm.

X-ray diffraction was used to identify the crystalline phases that make up the ash. X-ray phase
analysis was performed on a Rigaku MiniFlex 600 diffractometer. The sampling mode: Fe, Kp-radiation,
voltage on the X-ray tube is U =40 kV with a current J = 15 mA.

The adsorption characteristics of the ash (specific surface area, specific volume by limiting filling)
were studied using the Brunauer — Emmett — Teller method (BET). The measurements were performed on
a Sorbtometer M analyzer (CATACON company). Nitrogen was used as adsorbate gas, helium was used
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as carrier gas. Before starting the measurement of the sample, a thermal training was performed, i.e. its
degassing, which consists in heating the sample in a stationary gas flow at a given temperature in order to
remove absorbed gases and vapors from the surface of the material under study.

To establish the degree of influence of electrophysical effects on the particle size of coal ash, an
analysis of the volume distribution of particle sizes was carried out for various values of bulk density. At
the same time, the processing of coal ash by an electric discharge and an electromagnetic method was
carried out separately from each other, in order to exclude their mutual influence, and thus to conduct a
comparative analysis of the effectiveness of each type of influence on the particle size. Analysis of ash
particle sizes was performed by laser diffraction using a Malvern Mastersizer 3000 instrument, designed
to obtain information about the volume distribution of particle sizes in the range from 0.01 to 10 000 um.
Distilled water was used as a dispersant for all ash samples in the Hydro-MV mode.

Results and its discussion. The results of the elemental analysis show the presence of 31 micro-
clements in ash samples of Maikuben coal (table 1).

According to the technical classification [23], the following groups of rare metals are present in coal
samples: light — Cs, Li, Rb, Sr, Ba; refractory — Ta, Hf; rare earth metals — Sc, La, Nd, Eu, Tb, Yb, Lu,
Sm, Ce; scattered — Ga, Ge, Cd; radioactive — U, Th.

As can be seen from the listed metals, predominantly rare earth metals are present in the coal.

Table 1 — Results of multi-element instrumental neutron activation analysis of the studied Maikuben coal

Sample number Element Content, g/t
1 Samarium (Sm) 10.5
2 Uran (U) 2.0
3 Ytterbium (Yb) 5.82
4 Bromine (Br) <1
5 Lantan (La) 51.0
6 Cerium (Ce) 90.5
7 Terbiy (Tb) 247
8 Chromium (Cr) 82.5
9 Barium (Ba) 2341
10 Strontium (Sr) 1622
11 Silver (Ag) <0.5
12 Rubidium (Rb) 454
13 Cobalt (Co) 33.6
14 Neodymium (Nd) 61.5
15 Gallium (Ga) 21.85
16 Zinc (Zn) 136.6
17 Thorium (Th) 8.5
18 Hafnium (Hf) 8.20
19 Tantalum (Ta) 0.1

20 Germanium (Ge) 16.48
21 Calcium (Ca) 3.54
22 Lutetium (Lu) 0.81
23 Gold (Au) 0.0089
24 Arsenic (As) 14.3
25 Sodium (Na) 0.08
26 Scandium (Sc) 31.1
27 Iron (Fe) 7.24
28 Europium (Eu) 3.30
29 Lithium (L1) 12.92
30 Cesium (Cs) 322
31 Cadmium (Cd) 5.72

Note: content of Fe, Ca, Na in %.
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Analysis of the obtained results shows the presence in the greatest amount (from 0.08 to 3.54%) of
metals such as calcium, barium, strontium, sodium (in decreasing order of concentration), attracting a
certain interest for industry. Their concentrations (in wt.%) Are: Sr (0.1622), Ba (0.2341), Na (0.08), Ca
(3.54). The remaining elements are present in very small quantitics (from 0.01% or less), especially silver,
tantalum, gold, bromine, lutetium (to 0.0001%).

The results of elemental energy dispersive analysis (EDAX) on the content of macronutrients in the
ashes of (initial) coals are shown in table 2.

Table 2 — The chemical composition of the mineral part of Maikuben coal

Indicators Content, wt. %
Si02, % 50.16
AlOs, % 26.63
Fe 03, % 8.27
Ca0, % 5.84
MgO, % 2.79
TiO2, % 1.05
SOs, % 0.93
P20s, % 0.87
K20 +NaxO, % 1.16

The obtained data show that the main macroelements of coal ash are acidic and amphoteric oxides of
silicon, aluminum and iron, the total concentration of which is 85 %, which is comparable with similar
data obtained in [7] (90 %).

To characterize the ash activity of the studied coal and their stability during decomposition, the
basicity modulus (My) was calculated using the known formula [25] as the ratio of the sum of the
contents of basic alkaline earth metal oxides to the sum of silicon and aluminum oxides (in %):
M, = (Ca0 + Mg0)/(Si0; + AL, O5).

The calculation results showed that the modulus of basicity is 0.112 which makes it possible to assign
these samples to the class of acid ashes (Mo < 1), which causes their absence properties [4].

Electron microscopic images of coal ash samples, presented in figure 3, demonstrate the morpho-
logical features of the samples, whence it is seen that the ash surface is heterogencous and represents an
amorphous and dense structure and is characterized in some places by flaky inclusions. Most ash particles
have an irregular shape (flat, acute-angled). The surface relief of the particles has a high degree of
roughness and pores of various geometric shapes with sizes up to about 500 nm (figure 3, b), which
corresponds to macropores with sizes > 50 nm (according to the classification of pores adopted by the
International Union of Theoretical and Applied Chemistry (/UPAC).

¥

a) x10 000 6) x30 000

Figure 3 — Electron microscopic images of the ashes of Maikuben coal: a) initial ash; b) ash after EM treatment
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The results of the analysis of micrographs show that after the EM treatment, the ash acquires a more
developed surface and porous structure.

The obtained data on X-ray phase analysis (table 3) show that the presence of two crystalline phases
of the main ash-forming elements, a-quartz and mullite (3A1,05-2810,), is common to all the ash samples
studied. This coincides with the literature data obtained in the study of the phase composition of coal ash
from other deposits, where these minerals are also the main crystalline phases [4-6]. As a result of the ED
treatment of the ashes, kaolinite and anhydrite are removed and mineral phases with the content of rare
metals Ge, Li, Ga are additionally formed (table 3). This effect of the electric discharge is apparently due
to the fact that when the pulsed high-voltage voltage is applied to the ashes, a simultaneous influence and
a complex mechanism of all the effective factors of the electrohydraulic effect occur, which lead to the
breaking of sorption and peripheral chemical bonds and the formation of new compounds.

Table 3 — Mineral composition of Maikuben coal

Chemical composition
Phase name —
initial ash ash after EM treatment | ash after ED treatment
a-Quartz Si0O2 Si02 Si0,
Mullite 3A1,03-28102 3A10528102 3A1,05-28102
Kaolinite Al03-2810,-2H,0 AlO3-2810:-2H,0 -
Hematite F203 203 -
Anhydrite Ca(SO4) Ca(SOy4) -
Aluminum Germanium Oxide Hydroxide = — AlLGeO4(OH)
Octalithium hexakis(gallosilicate)dibromide = — Lig(GaSi104)6Br,

Bulk density, pH of the aqueous extract, adsorption activities on iodine and methyl orange for
samples of coal ash (in its original form, after the EM and ED treatments) were determined in accordance

with [26,27]. The results of the analysis are shown in table 4.

Table 4 — Physical and chemical characteristics of the ashes of the Maikuben coal

Name of the indicator Ash in its original form Ash after EM treatment | Ash after ED treatment
Bulk density, g/cm? 0.75 0.810 0.90
Methyl orange adsorption activity, % 65.00 70.10 69.50
pH of the aqueous extract 9.20 8.86 427

Highest values of bulk density and methyl orange adsorption activity has ash after EM and ED
treatments, confirming the data obtained by microscopic analysis of samples (figure 3), where electro-
magnetic treatment leads to a more developed surface and porous structure.

Table 5 presents the results of measurements of specific surface area and specific pore volume (by
limiting filling) of the studied coal ash samples.

Table 5 — Adsorption characteristics of coal ash

Name Specific surface area, m%g Specific pore volume, cm?/g
Ash in its original form 23.876 0.036
Ash after EM treatment 37914 0.055
Ash after ED treatment 38.639 0.057

The data obtained show that the coal ash is a porous material. EM treatment of ash samples
contributes to a noticeable increase in the specific surface arca (=1.6 times) and the specific volume of
pores (=1.5 times). At the same time, the ED treatment of ash (after EM treatment) almost does not lead to
a noticeable change in the values of the specific volume of pores and specific surface. The results of the
analysis of adsorption characteristics of initial ash samples are approximately consistent with similar
parameters obtained in [3,7].

The results of the analysis of the volumetric distribution of particle sizes for different values of bulk
density Dv(10), Dv(50), Dv(90)(10%, 50%, 90% of particles from the total amount respectively) are
presented in table 6.
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Table 6 — The results of the analysis of the particle size of Maikuben coal ash

Name of the indicator Uniformity Dv(10), pm Dv(50), um Dv(90), pm
Ash in its original form 1.484 7.91 129 612
Ash after EM treatment 4.771 141 7.08 753
Ash after ED treatment 1.903 7.07 101 603

As can be seen from the results of the analysis, when exposed to coal ash by electric discharge, there
is a slight decrease in particle size (1.1-1.3 times) ash for for all volumetric distributions. At the same
time, the EM treatment of coal ash leads to a more significant decrease in the particle size of the ash as
compared to the electric discharge treatment, especially for the average distribution of Dv (50), where the
particle size decreases by 18.2 times (129-7.08 um). The consequence of the effective influence of the EM
treatment of coal ash on particle size reduction is an increase in the specific surface and specific pore
volume. This fact is confirmed by the obtained data on the adsorption characteristics of the ash (table 5).

Conclusion. Thus, the study of the effects of electrophysical effects on Maikuben coal ash showed
that EM treatment effectively mainly affects the particle size and adsorption properties of coal ash, while
ED treatment mainly affects the mineralogical composition of coal ash. The use of electrophysical
treatment of coal ash is of particular scientific and practical interest, since it allows for the qualitative
preparation of this material for its further thermochemical processing in order to leach valuable compo-
nents such as rare metals, silica, alumina.
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technical program No. IRN BR05236359 on the topic: "Scientific and technological support of coal pro-
cessing and production of high-conversion products of carbon chemistry”, funded by the Science
Committee of the Ministry of Education and Science of the Republic of Kazakhstan.
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MAMKYBEH KEH OPHEIHEIH KOMIP KYJITHIH,
OU3NKAJBIK-XAMUSIBIK KACUETTEPTHE JJIEKTP®U3UKAJIGLIK OCEPIIH CATIAPEI

Annoramus. XXymsicta [onreiken keH opHBEIHAAFH (MatikyOeH Oaccelini, KasakcTaH) keMip KyTiH 3ICKTPO-
(u3uKanbIK 6HACY OapbICHIHAA OHBIH (DPM3MKA-XHMILIIBIK KACHETTEPIHE THTI3ETIH acepi 3eprrenareH. Kewmip kymmi
ATIBIH ana 3JICKTPOMATHMTTIK ammaparra (KyJ OeNImIeKTepiH YCakTay YINIH) eHICHAi, OJaH COH MATHHUT TYHIp-
ONKTEPIMEH apanacThIphI (TuaMeTpi 2-3 MM) SKYMBIC KaMepachIHa >KiOepinai (MHAYKTOpP INIHE OPHATBUIABI), all
yHTaKTay mpoueci 8 MuHyTTaH 3 per kyprizinai. Coman keHiH cyMeH apanackaH (1/2 maccambIK KarelHACTA) KYJIIi
kepHeyl 30 kB-ka meiiH >KOFapsl BOJBTTHI JICKTP Pa3psATHI KOHABIPFBIIA KYJI OOIIIEKTEPIHACTI XHMIIBIK
OalTAHBICTAP/IBIH ANICIpEYi skoHe/ HeMece Oy3y MAKCATHIHAA 3 MHHYT OHICHTI. DICKTPO(H3HKAIBIK OHACYTC ACHIH
JKOHC OHACYICH KCHIH KoMip KYTiHIH (PH3HKA-XHMUSIBIK CHIIATTAMAJIAPBIH KOI 3ICMCHTTI aCMANTHIK HCHTPOHIBI-
AKTHBTCHIIPY/I Tanmay SAiCIMEH K6l KaHAJABI aMIUINTY AATBIK HMITYIbCTi («Kanberra»kOMIIAHMACH) aHATH3aTOPAA
(MHKPO3JIEMEHTIK KYPaMbIH 3JIEMEHTTIK Tanaay ymiH), SEM 31eKkTpOHIb MHUKPOCKOIBIHAAFBI 3HEPTOJUCIIEPCTIK
PCHTTCH-CICKTPOCKOMIUTEIK oxicnicH SEM (Quanta 3D 200i) ckaHepICYImi PacTpiibl 3ACKTPOHIB MHKPOCKONTA
(XyImiH KYPBUTBIMBI MCH KYJT OOTIICKTCPIHIH OIIEMIH 3CPTTCY JKOHC MAKPOIICMCHTTIK KypaMBIHA TAIAY Kacay
ymiiH), RigakuMiniFlex 600 nu(paktomerpiMeH pPeHTTEHIIK Au(parumsa d7iciMeH (MHHEPAIIbl KypaMabl Tanaay
ymiH), nmasepm mudpakumsa omicimeH MalvernMastersizer 3000 KypsUiFbICHIHAA (KyAd O6IIUIEKTEpiHiH exmeMi
OOMBIHIIA KOJICMIIK TapaaybIH TANAAY YIIiH), SorbtometerM anamm3aTopsiaaa («KatakomykoMmaHuACs) bpyHayap-
Ommert-Temrep (BET) (HakTsl OCTTIK ayJaHIBI OHC KCYCKTCPIiH HAKTHI KOJICMIH AHBIKTAY YIOiH) 3CPTTCIAL
3epTTEnreH KOMipaiH MHKPO3JICMECHTIH TAIAy HOTWKETIEP] KaIbIuK, Oapuii, CTPOHIMH, HATPHH CHUSAKTBI METATIAPIBIH
xen memuepae (0,08-xeH 3,54%-Fa meiin), an KamraH 3IeMEHTTEp ote a3 Memmepae (0,01% Hemece omaH a3) Oap
EKEHMIriH KOPCETTi, dcipece KYMIC, TAaHTaJ, aiThlH, OpOM, JMIOTEHWH oTe a3 Mmemmepie Oomaxel. Kemip KymiHIH
MaKPOJICMEHTTIK KYPaMBIH TaIAAy HOTIDKEICPI KOPCETKEHICH, HETi3rl MAaKPOIJIEMEHTTEP KPEMHHHIIH, ATFOMH-
HUH MEH TEMIipAiH KBIIKBUIABIK >XOHE amM(poTepai OKcuarepi OONbIN TaOBIIAIBI, OJAPABIH SKANIBl KOHICHTPA-
musichl 85 Y%-ap1 Kypalinbel. 3epTTEIin OTHIPFAH KYJI VINIH €CENTENTeH HeTi3mik Moay b (Mo) 0,112 6omabl, 6y1 OHBI
KBIKBLT Kynre (Mp < 1) sKaTKpI3yFa MYMKIHZIK Oepei, Oy TYTKBIP KACHETTEPAIH O00IMaybHA ceOCTKep 0OIa IbL.
Kynaig 37eKTpoHIbI MEKPOCKOMILIIBIK TANAAYbl O6ImeKTepAiH OCTTIK penbe()iHiH Keaip-OyIbIPIbFbIHBIH KOFAPHI
CKCHJITH koHe emmeMi 500 HM-T¢ acHiH, Oym emmemzaepi > 50 HM MaKPOKCYCKTCPIe COMKEC KEICTIH OpTYpi
TCOMCTPIAUTBIK, (popMatapaeiH Oap ekeHriH kepcerTi. COHBIMCH KaTap, 3JACKTPOMATHHTTIK OHICYICH KCHIH KyJ

— 44 ——



ISSN 2224-5278 Series of Geology and Technical Sciences. 1. 2020

JAMBIFAaH OCTKi JKOHE KCYEKTI KYpbUIBIMFA HMe 00manpl. PeHTreHmik Au(paKIIHBIH HOTIXKEIEPl KYJIiH HErisri
3JICMCHTTCPIHIH €Ki KpHCTAIIBl (Da3achIHBIH, O-KBapu neH MyLETTIH (3A1,05:2S810,) 60mysr OapibIK 3¢pTTCITCH
KYJ CHIHAMAJNAPBIHA OPTAK CKCHIH KOPCCTTi. JJCTPIIK Pa3PAATHl OHACY HOTIDKCCIHAC KYNICH KAOIHHHT >KOHC
AQHTUIPUT >KOUBLIBIN, KYpPaMbIHAA CHpEK kezaeceTin meramagap Ga, Ge, Li 6ap muHepanas! (a3amapsl KOCHIMINIA
KYPBIIATHIHIBIFBI AHBIKTAIBL. By cCOPOIMSUIBIK KoHE MEPU(PEPIAIBIK XUMISUIBIK OalIaHBICTAPBIH OY3bLIBII, YKaHA
GalinaHbICTApABIH Maiga OOJMyBIHA AJBIT KEJICTIH JNMEKTPOTHAPABIMKANBIK 3PPEKTTiH Oapiblk acep erymi (akTop-
JIAPBIHBIH Oip YaKBITTA dCEP €Tyl MCH KYPIAC MCXaHHU3MHIH dCCpiHCH maiina Oomampl. KeMip KymiHIH MCTHIOPAHK
yarinepi OOHMBIHIIA CYCBHIMAIBI THIFBI3ABIKTHI JKOHE aACOPOLMSUIBIK OCICEHALMIKTI TANAAY HOTIDKEICP] 3JICKTPOMAr-
HUTTIK >KOHE 3JICKTP Pa3psAATH 6HACYICH KCHIHTI MapaMeTplepAiH MOHI 0acTamKpl KYJAMEH CANBICTBIPFAHAA €AdYip
YJIKEH €KEHIH KOpCETTi, Oy 3MCKTPOMATHHUTTIK 6HIEY HEFYPIBIM JAMBIFAH OCTKE JKOHE KEYCKTI KYPBLIBIMFA AJBII
KEJICTIHIITIH KOPCETETIH 3JCKTPOHABI MHKPOCKONHS APKbUIbI ANBIHFAH MAJIMETTCPMEH Coiikec Keneni. Kewip
KYJTHIH 3CPTTCITCH VATiACPIHIH MCHINIKTI OCTiHIH AyJAHBIH JKOHC KCYCKTIH MCHIUIKTI KOICMiH (MAaKCHMAIIBI
TONTHIPY OOMBIHINA) 3CPTTEY HOTIDKEICP] KOMIpP KYJMiHIH KEYCKTI MaTtepual ekeHiH kepcerTi. KynmiH chiHaManapsiH
3JICKTPOMATHHTTIK OHICY MCHINIKTI OCTTiK aymaHBHBH (1,6 ece) jkoHEe KCYyCKTCPAiH MCHINIKTI kememiniH (1,5 ece)
apTybIHA BIKMAJ CTETIHAITIH KopceTTi. COHBIMEH OIpre Kyl 01aH Spi AMEKTPIL Pa3pAAThl OHACY (JMCKTPOMATHUTTIK
OHZCY/ICH KEeHiH) IC JKY31HAC KEYEK K6JEeMi MEH MCHIIIKTI OCTiHIH MOHJCPIHIH alTapibIKTal e3repyiHe oKeIMEHIi.
Bemmekrepain kemeMaik THFBIABIKTEH Dv(10), Dv(50), Dv(90) optypmi MoHAepiHAeTi (O6MUCKTSPIiH KAJIIBI
MemmepineH THiciHIme 10%, 50%, 90%) emmemaepi OOHBIHIIA KOJNCMTIK TAPATYBIHBIH AHANN31 KOPCCTKCHACH
3JICKTP Pa3pAIbIMCH OHACYICH KCHiH OapibIK KMl Tapaxynap YIOiH KYIIiH O6MIOCKTCPIHIH ImeMi Kai azas-
THIHABIFBH KepcetTi (1,1-1,3 ece). CoHBIMCH KaTap, KeMip KYJTiH 3JICKTPOMATHHTTIK OHICY 3JICKTP Pa3pAATHl OH-
JCYMCH CAJIBICTBHIPFAHAA TA3aPTYMCH CATBICTHIPFAHAA KYJIIH OOMMICKTCPiHIH OIMCMIiHIH ¢I0Yip a3ar0BIHA OKCICI,
acipece Dv (50) oprarma Tapays! ke3iHAC THIMAL, OHAA Oemmekrepain Memmepi 18,2 ece asasast (129-man 7 MKM-TC
neiin). Ochumaiima, 3MCKTPOPH3NKAIBIK OCCp CTYAIH KOMIp KYJIIHE OCCPiH 3CPTTCY IICKTPOMATHHTTIK OHACY KYII
OexmekTepi MEH ancOpOLMSUIBIK KACHETTEPIHE YHTAKTAY IbIH dcepi 0ap exeHAiriH kopceTTi. COHBIMEH KaTap 3JICKTP
Pa3psAABIHBEIH, dCEpl HETi3iHEH IMHKI3aTTHIH MHHCPAIOTISUIBIK KypaMblHA acep eredi. Kemip kymiH 3mekTpodusu-
KaJbIK OHACY/l KOIAHY FBHUIBIMH >KOHC NMPAKTHUKAJIBIK KBI3BIFYIIBIIBIK TYIBIPAIbl, OUTKCHI OYJ1 KYHIBI OHIMACPIl
(KpeMHMIA, TAMHO3CM, CHPCK KE3ACCETIH METANIap >KOHE T.0.) TOJBIKTAH Ay YIOiH JKOHC/HEMCCE TCXHOJOTHIBIK
POKHEMACPIL «OKYMCAPTY» MAKCATHIHAA KYJIII OJAH OPi 6HACYTS Camaisl JaHbHAAY Fa MYMKIHIIK Oepei.

Tyiiin ce3aep: keMmip, KyJI, MEKTPMATHUTTIK OHACY, 3ICKTP3aPSATH OHACY, XUMILIIBIK KypaMbl, (PH3HKAIBIK-
XHMHSUTBIK CHITATTAMAJIAPHL.

B. T. Epmaramoer, H. Y. Hyprammes, H. A. Macaos, JI. /I, A0sumrasuna, A, A, Cei3apIKoBa

TOO «MucTutyT XuMuH yrit U TexHonorum», Hyp-Cynran, Kazaxcran

BJIUAHHUE JEKTPOGH3HYECKOI'O BO3IEMCTBUA
HA ®U3UKO-XUMHUYECKHE XAPAKTEPUCTHKH 30JIbl YTJIS
MAHUKYBEHCKOI'O MECTOPOXIEHUA

Annoramus. B padore HCCICIOBAHO BIMAHHC ANICKTPOPH3HMMCCKONH 0O0paOOTKH 30761 VI MCCTOPOKICHHS
«lonTerkore» (MakikyOeHCKHI Oacceitn, Ka3axcTaH) Ha ¢¢ (PH3HKO-XUMHICCKUC XapaKTepUCTHKH. [IpeaBapuTeIb-
HO YTOJIBHYIO 301y 00padaThIBAIH HA HICKTPOMATHUTHOM ammapare (A7t TOHKOTO H3MEIBICHHS YACTHII 30JIbI), B KO-
TOPOM 30JIy NPEABAPUTEIILHO MEPEMEIIMBAIM C MATHUTHBIMHM TPaHyJIaMH (IUaMeTpoM 2-3 MM) H BBITPYKAaIH B
pabouyro KaMepy (YCTAHOBJICHHYIO BHYTPH HHIYKTOPA), M MPOLECC M3METBMCHIUS IMPOBOAMIN 3 pa3za IO 8 MHUHYT.
3areM 30.1y, CMCIIAHHYE) C BOAOH (B MACCOBOM COOTHOIICHHWH 1/2 COOTBETCTBCHHO), IOABCPTraaIN BO3ACHCTBHIO HA
BBICOKOBOJIFTHOH JIICKTPOPA3PATHON YCTAHOBKE ¢ HampspkeHHEM 10 30 kB B TeueHHE 3 MHHYT AN OCTAONCHHUS
W/WITH Pa3phiBa XHMHUICCKUX CBA3CH B YACTUNAX 3061 DH3MKO-XUMHHUECKUE XaPAKTCPUCTHKH 30151 YTIII 10 U HOCIC
3neKTpohu3MIecKOil 00pPabOTKH HCCICAOBANH METOJAMH MHOTO3JICMEHTHOTO HHCTPYMCHTAJILHOTO HEHTPOHHO-
AKTHBAIIMOHHOTO AHAN3A HA MHOTOKAHATHHOM aMILTUTYIHOM aHAJIN3aTOPE UMITYJIbCOB (Rommanus «Kanberray») (1
3JIEMEHTHOTO aHAIM3A HA COACP/KAHUE MUKPOIICMEHTOB), YJHEPrOIUCTICPCHOHHON PEHTTCHOBCKOH CIIEKTPOCKOIIHH HA
CKAaHHPYIOIIECM PACTPOBOM 3ICKTpoHHOM MuKpockonie SEM (Quanta 3D 200i) ¢ mpuCTaBKO# 11 3HCPTOHCIICP-
CHOHHOTO aHam3a (U1 M3YYCHUS CTPYKTYPBI M PA3MEPHOCTH 3016 M AHAIN3A HA COJACP)KAHHE MAKPO3IJICMEHTOB),
peHTreHOBCKOM mudpakumn Ha gudpakromerpe Rigaku MiniFlex 600 (o aHamm3a Ha MHHCPAJIBHBIH COCTaB),
nasepHOH mudpaximm HA mpudope Malvern Mastersizer 3000 (a1 anam3a 00BEMHOTO PACTIPCACICHIA YACTHIT 30161
mo pasmepam), bpyrayspa-Ommera-Temnepa (BOT) na anmammsarope Sorbtometer M (xommanmst «Kartaxow») (mms
OTIPECTICHUS YACIbHOM MOBEPXHOCTH M YACTHHOTO 00BEMa MOP). Pe3ymsraThl MHKPO3JIEMEHTHOTO aHAIM3a HCCIIC-
JYEMOTO YT MOKA3aIH HAMHYHC B HanOompmeM xoymaecTse (0T 0,08 10 3,54 %) TakuxX MCTAIIIOB, KAK KATBITHIA,
Oapuii, CTpOHIHMH, HATPHH, a OCTATBHBIC ICMCHTHI MPHCYTCTBYIOT B OUCHb ManbIx KomruecTBax (ot 0,01 % u me-
Hee), 0COOCHHO cepedpo, TaHTAI, 30J10TO, OpOM, JIFOTEHHiT. PeayIsTaTsl aHAMM3a HAa COACP/KAHUE MAKPOIJICMEHTOB B
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30I€ YIS MOKA3aiM, YTO OCHOBHBIMH MAaKPOAIECMCHTAMH SBJDIFOTCS KHCIBIE M aM(OTEpHbIC OKCHIBI KPEMHHI,
ATFOMUHUS H KEIe3a, 00IMas KOHIICHTPALHA KOTOPBIX cocTaBieT 85 %. Paccunrannsiii Moaynb ocHOBHOCTH (My)
ansg uccneayeMoil 3ombl cocraBua 0,112, yTo MO3BOAET €€ OTHECTH K KIAcCy KHCHABIX 3001 (Mop< 1), 4ro
00y CJIOBIIMBACT OTCYTCTBUE BLKYIIMX CBOMCTB. DJIEKTPOHHO-MHUKPOCKOIIIYESCKHH AHAIN3 30JIbI TI0KA3AJI, YTO penbed
MOBEPXHOCTH YACTHI[ MMEET BHICOKYIO CTCIICHb IIEPOXOBATOCTH W IMOPHI PA3MYHON TeOMETPHICCKON (OPMBI pas-
MEpPOM NpUMEPHO A0 500 HM, YTO COOTBETCTBYET MAKpOHopaM ¢ pazmepamu >50 M. Kpome 1010, mocie 3nekrpo-
MarHUTHOM 00paboTKH 3011 MPHOOPETacT 0O0Jee Pa3BHTYIO MOBEPXHOCTHYIO M IOPHCTYIO CTPYKTYpY. Pesymbrars
PEHTTCHOBCKOM TU(PPAKIMH MOKA3AIH, YTO OOIIUM JJISI BCEX HCCICAYEMBIX 00pA3I0B 301bI ABLICTCS HAJTHIHC ABYX
KPHCTAILTHIECKUX (Pa3 OCHOBHBIX 30J000pa3yIOMNX JMEMEHTOB — o-KBapl u MyLuT (3Al1,05:2510,). YcTaHOBICHO,
YTO B PE3YJIBTATE HICKTPOPA3PITHON 0OPabOTKH 30IIBI YAALIIOTCS KAOIWHHUT W AHTHAPUT W JOIOJHHTEIBFHO 00pa-
3YFOTCSI MHHEpaIbHBIE (Da3sl ¢ coAepkaHueM peakux meramios Ga, Ge, Li, uro, mo-puammomMy, 00yCIOBICHO OHO-
BPCMCHHBIM BIIMSHHCM H CJIOKHBIM MCXAHH3MOM BCEX NCHCTBYHOIIHX (DAKTOPOB 3ICKTPOTHIPABIMYCCKOTO 3(Pdekra,
MPUBOIANINX K PA3PHIBY COPOIMOHHBIX H NMCPHPECPHUCCKAX XUMHUCCKAX CBA3CH H K O0PA30BAHHIO HOBBIX COCTH-
HeHMH. PesysraTsl aHamM3a HACKITHON IIOTHOCTH M aACOPOIMOHHOMN AKTHBHOCTH TI0 METHIIOPAHKY 00PA3LOB 30IIbI
VI MOKA3alM, YTO 3HAYCHHSA JAHHBIX IAPAMETPOB IOCIE 3ICKTPOMATHHUTHOH W 3IEKTPOPA3PAIHON 00paboToK
3aMETHO OOJIBINE IO CPABHCHHIO C MCXOTHOM 30JI0M, YTO COBIIAACT C JAHHBIMH, ITOIYUCHBIMH METOIOM 3JICKTPOH-
HOH MHKPOCKOTIHH, TZIE JMEKTPOMATHUTHASI 0OpabOTKAa MPHUBOIUT K OOJEe Pa3BHTOH MOBEPXHOCTHOH M IIOPUCTOH
cTpyKType. Pe3ynprarsl m3MepeHui YASHbHOH MIIOMAIN MOBEPXHOCTH M YACIBHOTO 00BeMa TOpP (10 TpeieIbHOMY
3aI0THEHUIO) HCCICAYEMBIX OOpa3loB 30bI YN IOKA3aJNH, YTO 30J1a YIS IPEACTABISIET COOOM IOPUCTHIH
MaTepHal. DJICKTPOMATHHTHAS 00paboTKa 00Pa3loB 30JI6I COCOOCTBYCT 3aMCTHOMY VBCIHUCHHIO YACIBHOM IO-
BepxHOCTH (B 1,6 pa3) m yacmpHOTO 00OBeMa mop (B 1,5 pa3za). Bmecte ¢ TeM, mampHCHIDAS 3ICKTPOpa3paIHAsL
00paboTKa 301l (MOCHC AICKTPOMATHHTHOH 0OPA0OTKH) MOYTH HC MPHBOIUT K 3aMCTHOMY H3MCHCHHIO 3HAYCHUI
VICIBHOTO 00BEMA TOP W YACIBHON HMOBEPXHOCTH. AHAMM3 OOBEMHOTO PACIpPEICICHUS YacTHI[ IO Pa3MepaM IpH
PA3MIYIHBIX 3HAYCHUAX 00BeMHON TIOTHOCTH D+(10), D(50), Dy(90) (cootBercTBeHHO 10%, 50%, 90% wacTur ot
#X OOIIETO KONIMHMECTBA) MOKA3AJN, UTO MOCKHE OOPabOTKH 3IEKTPHYCCKUM PA3PsIOM HMPOMCXOTUT HE3HAUMTEIHLHOC
YMCHBIICHHUE pa3MepoB dacTurl (B 1,1-1,3 pa3a) 30761 A1 BCeX 00BEMHBIX PACIPEACICHUH. BMECTE ¢ TeM, 3IMeKTpo-
MarHuTHas 00pabOTKa 307BI VI HMPUBOJUT K OOJNEE CYMICCTBCHHOMY YMECHBLICHHIO PA3MEPOB HACTHIl 30JIbI IO
CPAaBHCHHIO C ICKTPOPa3PAIHON 00pabOTKOH, 0COOCHHO I CpeaHero pacupeaciacHus Dv(50), tae pasMep yacTum
ymeHbmactca B 18,2 pasa (ot 129 mo 7 mxm). Takum 00pa3oM, HCCICTOBAHAC BIUSAHHUA ICKTPO(PHUZHICCKOTO BO3-
JCHCTBHA HA 307y VIJIA MOKA3aJI0, UTO HA M3MCIBUCHHC YACTHUI] 30JIbI W aACOPOIMOHHBIC CBOMCTBA 3(h(CKTHBHES
OKAa3bIBACT NCKTPOMArHUTHAS 00paboTka. BMecTe ¢ TeM, 37eKTpopa3psaHOE BO3ACHCTBHE IMPEUMY IIECTBEHHO OKa-
3BIBACT BO3ACHCTBHC HA MHHCPATOTHYCCKHH COCTaB CHIPhS. MCMOTB30BaHUE 3ICKTPOPU3HICCKOH 00pabOTKH 30161
YIS MPEACTABIIET ONPEACICHHBIA HAYUHBIH M MPAKTHUECKUH HHTEPEC, TAK KAK MO3BOJIIECT OCYIUCCTBHTh KAYECT-
BCHHYIO IIOJTOTOBKY 30JIbI JJISI €€ JajbHEHIIeH mepepaboTKU C HETIbI0 00JIee MOTHOTO M3BJICUCHHUS IICHHBIX POy K-
TOB (KpEMHE3EMa, IIHHO3EMA, PEAKO3EMEIBHBIX METAILIOB W Ap.) W/HIHM «CMATYCHISD» TEXHOJIOTHYCCKUX PEKUMOB
MIPOBEACHUS JAHHOTO IPOIIECCa.

KmoueBnbie ¢j10Ba: Yyroib, 3072, 3ICKTPOMATHHTHAS 00pPa0O0TKA, 3JICKTPOpaspsaHas 00padoTKa, XHMHUICCKAN
COCTaB, (PM3UKO-XUMHYICCKHUEC XapaAKTCPHCTHKH.

Information about authors:

Yermagambet B.T., Director of LLP "Institute of Coal Chemistry and Technology", Doctor of Chemical
Science, Professor; bake.yeri@mail.ru; https://orcid.org/0000-0003-1556-9526

Nurgaliyev N.U., Leading Researcher of LLP "Institute of Coal Chemistry and Technology", Candidate of
Chemical Science; nurgaliev_nao(@mail.ru; https://orcid.org/0000-0001-9171-2238

Maslov N.A., Chief Specialist for Energy and Automation of LLP "Institute of Coal Chemistry and
Technology"; nike.6484(@mail.ru; https://orcid.org/0000-0003-2550-6123

Abylgazina L.D., Junior Researcher of LLP "Institute of Coal Chemistry and Technology", Master of
Engineering Sciences; lelya 1501(@mail.ru; https://orcid.org/0000-0002-0949-9616

Syzdykova A.A., Junior Researcher of LLP ‘"Institute of Coal Chemistry and Technology";
botasyzdykova2212(@gmail.com; https://orcid.org/0000-0003-4649-9479

REFERENCES

[1] Adeeva LN., Borbat V.F. (2009) Zola TJeC — perspektivnoe syr'e dlja promyshlennosti, Vestmik Omskogo
universitetata, 2: 141-151 (in Russ.).

[2] Dhadse S., Kumari P., Bhagia 1..J. (2008) Fly ash characterization, utilization and government initiatives in India —
a review, Journal of Scientific and Industrial Research, 67(1): 11-18, http://nopr.niscair.res.in/handle/123456789/729 (in Eng).

— 46 ——



ISSN 2224-5278 Series of Geology and Technical Sciences. 1. 2020

[3] Mihajlov Jul.. (2001) Fiziko-himicheskie issledovanija processov vyshhelachivanija mikrokomponentov zoly ot
szhiganija uglej Jekibastuzskogo bassejna: avtoref. kand. him. nauk, Omsk. 2001. P. 20.

[4] Gerk S.A., Smoliy V.A. (2013) Study of the composition and structure of waste fuel and energy complex using electron
microscopic and elemental analysis [Issledovanie sostava 1 struktury othodov toplivno-jenergeticheskogo kompleksa s
primeneniem jelektronno-mikroskopicheskogo i jelementnogo analiza], News of universities, North Caucasus region, Technical
Sciences Series, 4: 76-79 (in Russ.).

[5] Khairul Nizar Ismail, Kamarudin Hussin, Mohd Sobri Idris (2007) Physical, Chemical & Mineralogical Properties of
Fly Ash, Journal of Nuclear and Related Technology, 4: 47-51 (in Eng.).

[6] Khairul Nizar Ismail, Mustata Al Bakri A.M., Rafiza A.R., Kamarudin H., Alida A., Zarina Y. (2014) Study on Physical
and Chemical Properties of Fly Ash from Different Area in Malaysia, Key Engineering Materials, 594-595: 985-989 (in Eng.).

[7] Tavanov 7., Abylgazina L., Spitas C., Itskos G., Inglezakis V. (2017) Mineralogical, Microstructural and Thermal
Characterization of Coal Fly Ash Produced from Kazakhstani Power Plants. International Conference on Materials Sciences and
Nanomaterials. IOP Conf. Series: Materials Science and Engineering, 230: 43-49 (in Eng.).

[8] Poltoranina A.P., Cherkashina K.Y, Kluikova Y.I. (2013) Investigation of the physical and chemical properties of the
ash of Kuzbass coal with the purpose of its utilization [Issledovanie fiziko-himicheskih svojstv zoly uglej Kuzbassa s celju ee
utilizacii], Proceedings of the XVII Intern. Symposium them. Acad. M.A. Usov students and young scientists: "Problems of
geology and exploration of mineral resources”, Tomsk: Publishing House of Tomsk Polytechnic University. P. 181 (in Russ.).

[9] Wang J, Li D, Ju F, Han L, Chang L., Bao W. (2014) Supercritical hydrothermal synthesis of zeolites from coal fly ash
for mercury removal from coal derived gas, J Fuel Process. Technol., 136: 96-105 (in Eng.).

[10] Duta A., Visa M. J. (2015) Simultaneous removal of two industrial dyes by adsorption and photocatalysis on a fly-ash—
TiO2 composite, J Photochem Photobiol, 306: 21-30 (in Eng.).

[11] Visa M., Chelaru AM. (2014) Hydrothermally modified fly ash for heavy metals and dyes removal in advanced
wastewater treatment, Applied Surface Science, 303: 14-22. DOI:10.1016/j.apsusc.2014.02.025 (in Eng.).

[12] Jha B., Singh D.N. (2014) A three step process for purification of fly ash zeolites by hydrothermal treatment, Applied
Clay Science, 90: 122-29. DOL:10.1016/j.clay.2013.12.035 (in Eng).

[13] Xie J., Wang Z., Wu D., Kong H. (2014) Synthesis and properties of zeolite/hydrated iron oxide composite from coal
fly ash as efficient adsorbent to simultaneously retain cationic and anionic pollutants from water, Fuel: 116: 71-76.
DOI:10.1016/j.fuel.2013.07.126 (in Eng.).

[14] Menshov P.V., Khlupin Y.V., Nalesnik O.I., Makarovskikh A.V. (2014) Ash and Slag Waste as a Secondary Raw
Material, Procedia Chemistry, 10: 184-191. DOI: 10.1016/j.proche.2014.10.032 (in Eng.).

[15] Shabarov A.N., Nikolayeva N.V. (2016) Complex utilization of treatment wastes from thermal power plants
[Kompleksnoe ispol'zovanie othodov pererabotki teplojelektrostancij], Journal of Mining Institute, 220: 607-610. DOI:
10.18454/PM1.2016.4.607 (in Eng.).

[16] Borbat V. F., Mikhailov Y.L., Adeyeva L.N., Golovanova O. A. (2000), Chemistry and chemical technology, 1: 102 (in Russ.).

[17] Liu K., Xue J.L., Zhu I. (2012) In: Light Metals, Suarez CE, John Wiley & Sons Inc., 6: 201 (in Eng.).

[18] Bai G.H., Qiao Y.H., Shen B., Chen S.L. (2011) Fuel Process. Technol., 92: 1213 (in Eng.).

[19] Xiang-Yang C., Xin-zhe L., Qui-li 7., Hong-zhou M.A., Hin Z. (2010) Influence of NaCl on dechromization of
Cu-Cr-Al alloy in HaPOs solution, Trans Nonferr Met Soc China, 20 (1): 123-127. DOIL 10.1016/S1003-6326(09)60108-4
(in Eng.).

[20] Arroyo F., Font O., Chimenos J.M., Pereira C.F., Querol X., Coca P. (2014) IGCC fly ash valorisation. Optimisation of
Ge and Ga recovery for an industrial application, Fuel Processing Technology, 124: 222-227. DOI: 10.1016/j.fuproc.2014.03.004
(in Eng.).

[21] Hernandez-Exposito A., Chimenos J. M., Fernandez A L., Font O., Querol X., Coca P., Garcia P.F. (2006) Ion flotation of
germanium from fly ash aqueous leachates, Chemical Engineering journal, 118: 69-75. DOI: 10.1016/].cej.2006.01.012 (in Eng.).

[22] Torralvo F.A., Fernandez-pereira C. (2011) Recovery of germanium from real fly ash leachates by ion-exchange
extraction, Minerals Engineering, 24: 35-41. DOI: 10.1016/j.mineng.2010.09.004 (in Eng.).

[23] Yermakov A.N. (1988) Analytical chemistry of rare elements [Analiticheskaja himija redkih jelementov], Collection of
scientific papers, Moscow: Science. P. 245 (in Russ.).

[24] Yermagambet B.T., Nurgaliyev N.U., Abylgazina L..D., Maslov N.A., Kasenova Zh.M., Kasenov B.K. (2018) Methods
for extraction of valuable components from ash-and-slag coal wastes, News of the National Academy of Sciences of the Republic
of Kazakhstan, Series Chemistry and Technology, 6(432): 67-78. https://doi.org/10.32014/2018.2518-1491.28 (in Eng.).

[25] Guzhelev E.P., Usmanskiy Y.T. (1998) Rational use of ash CHP: The results of scientific research [Racional'noe
primenenie zoly TJeC: Rezul'taty nauchno-prakticheskih issledovanij]. Omsk State University. P. 238 (in Russ.).

[26] Smirnov A.D. (1982) Sorption water purification [Sorbcionnaja ochistka vody], Leningrad: Chemistry. P. 168 (in Russ.).

[27] Kabulov A.T., Nechipurenko S.V., Efremov S.A. (2015) Works of the Kol Scientific Center of the Russian Academy
of Sciences, 5(31): 527 (in Russ.).




